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Abstract 
Platinum group metals (PGM) such as palladium and rhodium based catalysts are currently 
being implemented in Gasoline Particulate Filter (GPF) autoexhaust aftertreatment systems. 
However, little is known about how the trapped particulate matter, such as the incombustible 
ash, interacts with the catalyst and so may affect its performance. This operando study follows 
the evolution of the Pd found in two different model GPF systems:  one containing ash 
components extracted from a GPF and another from a catalyst washcoat prior to adhesion onto 
the GPF. We show that the catalytic activity of the two systems vary when compared with a 0 
g ash containing GPF. Compared to the 0 g ash sample the 20 g ash containing sample had a 
higher CO light off temperature, in addition, an oscillation profile for CO, CO2 and O2 was 
observed, which is speculated to be a combination of CO oxidation, C deposition via a 
Boudouard Reaction and further partial oxidation of the deposited species to CO. During the 
ageing procedure the washcoat sample reduces NO at a lower temperature than the 0 g ash 
sample. However, post ageing the 0 g ash sample recovers and both samples reduce NO at 310 
C. In comparison, the 20 g ash GPF sample maintains a higher NO reduction temperature of 
410 C post ageing, implying that the combination of high temperature ageing and presence of 
ash has an irreversible negative effect on catalyst performance.  
Keywords: Operando, XAFS, Gasoline Particulate Filter, Three-Way Catalyst 
1. Introduction 
The surge in the use of light-duty vehicles transport has 
resulted in increased air pollution through the combustion of 
fuels. In the UK since the early 2000s, 86 % of commuters use 
cars, vans or motorcycles as their primary form of transport. 
[1] Sustainable fuel sources such as pure-electric and fuel cell 
powered systems have the potential to produce transport that 
emits near-zero tailpipe gases and particles. Though more 
sustainably powered vehicles have been commissioned, the 
technologies and infrastructure needed are still in their infancy 
for mass market adoption by consumers and thus internal 
combustion engine (ICE) powered vehicles will still be needed 
for several years.[2–5] Since the 1970s, emission standards 
and emission limits to air pollutants have led to the control of 
pollution levels in the short-term. These regulations are 
tightened every 4 to 10 years thus reducing the maximum 
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emission limits, resulting in automotive companies  searching 
for solutions to meet these ever-tightening standards.[6,7] 
 
Common air pollutants generated by ICE, which have been 
regulated in the US and EU include: nitrogen oxides (NOx), 
unburnt hydrocarbons (HC), Volatile-Organic Compounds 
(VOCs), carbon monoxide (CO) and particulate matter (PM). 
[8] Around, 86 % of newly registered vehicles in the UK in 
2019 use gasoline or diesel engines, with, studies showing 
these are a major contributor to PM emissions in urban areas. 
[9–11] Diesel vehicles are subject to emission controls 
towards PM emission number and mass. However, due to the 
mechanism of fuel injection in traditional port fuel injection 
(PFI) gasoline engines, these engines result in a relatively low 
level of PM emissions. [9,12] However, the recent market shift 
towards more fuel-efficient gasoline direct injection (GDI) 
engines, has consequently led to a change in the emission 
profile from gasoline vehicles,[9,12]  - specifically, an 
increase in the mass and the number of smaller PM 
emission.[13]  
 
PM emissions can be divided into three sizes: coarse 
particles (diameter 2.5 to 10 μm, PM10 ), fine particles (0.1 to 
2.5 μm, PM2.5) and ultra-fine particles (less than 0.1 μm, 
UFP).[14] As well as having an effect on the weather, climate 
and outdoor visibility, these sub-micron sized particles are 
inhalable and contribute to cardio-vascular and pulmonary 
related deaths[15,16] 
 
The toxicity effects of PM emissions can vary depending 
on their chemical composition, which can differ due to the 
emitter’s fuel, lubrication oils, engine composition etc. [17] 
PMs are composed of a soot component (carbonaceous 
material from fuel combustion), and an ash component which 
consists of incombustible inorganic material, produced 
through the decomposition of engine additives (e.g. Fe, Ni, 
Cu, Cr, Sn), oil lubrication, anti-wear additives and engine 
wear (e.g. Zn, Ca, Mg, Zn, Ti), normally in the form of metal 
sulfates, phosphates and oxides. [18–21] 
Gasoline Particulate Filters (GPFs), also known as ‘four-
way catalytic convertors’, are a relatively novel automotive 
after treatment solution used in newer GDI engines. The 
system utilises a ‘three-way catalyst’ (TWC) to convert CO, 
NOx and unburnt hydrocarbons using a catalyst based on 
precious metal (Pt, Pd, Rh) supported over a mixed oxide 
(CeZrO4, Al2O3). The catalyst is applied onto a honeycomb 
monolith, usually made of synthetic cordierite ceramic, which 
also traps PM emissions simultaneously.[22]  
 
PM components build up during operational filtration, 
which may result in blocked pores within the structure which 
in turn may affect the GPF operation conditions. Though most 
soot components are removed during operation through 
combustion using O2 and/or NO2 (passive regeneration), some 
incombustible materials such as ash are more difficult to 
remove through active regeneration strategies.[23] Therefore, 
due to their inability to be readily removed, these inorganic 
components are in proximity to the catalyst for longer times. 
The ash components from lubrication oils have been shown to 
have an impact on catalytic performance within diesel 
particulate filters; however, very little is known of their 
potential impact on a TWC system.[24] Over the lifespan of 
the GPF, the system may experience excursion temperatures 
around 1000 °C.[25,26] With this in mind, it is important to 
understand how the catalytic system activity changes  both on 
the incorporation of ash components and at these extremely 
high temperatures. 
 
Several previous studies have used synchrotron based X-
ray techniques, especially X-ray Absorption Fine Structure 
(XAFS)  to analyse TWC, enabling an understanding of the 
changes in the active metal species under different operation 
conditions. [27–29] A more recent study using operando X-
ray Absorption Near Edge Structure (XANES) analysis on a 
GPF system, with and without ash loading and with ageing 
treatments suggested that light-off temperatures for CO, HC 
and NOx increase with the loading. However, no XANES data 
were reported above light-off temperatures, i.e. above 300 °C 
and no data given on the catalytic activity of the washcoat 
prior to incorporation onto the monolith.[30] 
 
To understand these key effects of high temperatures on the 
ash loaded GPF TWC system, and on the effect that the 
manufacturing of the GPF plays on the performance of the 
catalyst, here we investigate an industrial GPF model catalyst 
based on a PdRh/CeZrO2/Al2O3 catalyst. The effect of the 
manufacturing process on the catalyst activity was  evaluated 
through the comparison of the catalytic activity of the fresh 
washcoat with a sample extracted from a GPF with no ash 
deposition (0 g GPF). The effect of ash on the system was 
achieved through comparing a heavily ash loaded sample (20 
gL-1) acquired from a GPF monolith with the 0 g ash GPF 
sample. For the first time an operando XAFS study of the Pd 
K-edge has been performed for  an ash loaded GPF sample 
subjected to high temperatures which may be observed during 
GPF operation (up to 1000 °C). In this study we have  
observed changes in the Pd of the 20 gL-1 ash sample and the 
fresh washcoat catalyst during working conditions, by flowing 
a model gas mixture representative of exhaust gases and 
heating the catalyst to these extreme temperatures. Coupled 
with mass spectrometry, the CO oxidation, NO reduction and 
propane consumption profiles were followed and compared 
with the profile of a sample extracted from the 0 g ash GPF 
sample, in order to determine the role of the ash on the activity 
of the catalyst and the effect the GPF production plays on the 
activity of the initial catalyst formulation 
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2. Experimental Section 
2.1 Sample preparation 
GPF samples were provided by Johnson Matthey plc. The 
Pd and Rh loading was at less than 1 % wt on a CeZrO2 
support.  
 
Ash was loaded onto the system using a DPG rig which 
uses diesel combustion to produce model particulate matter. 
The GPF was weighed at 250 °C, followed by the addition of 
soot and ash (3:2 ratio) at 186 kg h-1. Soot was then removed 
through oxidation at 600 °C for 3 h under air. The GPF was 
then reweighed to determine the ash loading. This process was 
then repeated until the desired weight was achieved. Ash 
components were made through doping the diesel with Zinc 
dialkyldithiophosphates  (ZDDP, 4 g L-1) and calcium 
sulphonate (4 g L-1), which is then co-combusted at 1 kg h-1 
through the DPG. 
 
Three experimental samples were studied. Prior to 
experiment, the catalyst and ash species were extracted from 
the 20 gL-1 GPF monolith through a process of grinding and 
sieving fragments of sample. The 0 g ash sample was likewise 
scraped from a GPF monolith, having not been treated in the 
DPG rig. A separate sample of catalyst washcoat (not applied 
to the GPF monolith) was acquired from a washcoat slurry 
which  was  dried at 140 °C to remove solvent, affording a 
yellow powder.  
2.2 XAS measurements 
Operando X-ray absorption fine structure experiments at 
the Pd K-edge on the 20 g ash GPF and washcoat samples 
were conducted on the B18 Core EXAFS beamline at the 
Diamond Light Source, UK.[31] The measurements were 
carried out using a Si 311 double crystal monochromator. The 
spectra were collected in fluorescence mode using a 36 
element Ge detector system, which was placed perpendicular 
to the incoming beam on the sample. The size of the beam 
used at the sample was approximately 200 (H) x 250 (V) μm. 
The Pd K-edge spectra were obtained to a k-spacemax 
10.7 Å−1), with a time resolution of 180 s.  Under isothermal 
conditions, 10 Pd scans were merged  per temperature point.   
 
The capillary flow microreactor was custom designed at 
B18 Diamond Light Source  as shown in Figure (1). The 
reactor was constructed out of ceramic, with a steel mounting 
rail to which a quartz capillary could be attached. Quartz 
capillaries (2.5 mm inner diameter) were packed with the 
catalysts and plugged with quartz wool. These capillaries were 
then mounted onto a steel rail and held using adhesive. Gas 
lines were fitted to the inlet and outlet of the capillary using 
Swagelok fittings, a K-type thermocouple was inserted 
through the outlet side of the capillary and was positioned in 
the middle of the catalyst bed. A secondary K-type 
thermocouple was used to control the temperature of the 
furnace. Mass spectrometry data of the outlet gases were 
collected using a Pfeiffer Omnistar GSD301 C mass 
spectrometer.  
 
Approximately 65 mg of each sample, sieved to a particle 
size range of  250 – 125 μm, were loaded into the quartz 
capillary, giving a bed length of 12 mm, corresponding to a 
gas hourly space velocity of 102715 h-1. Room temperature Pd 
K-edge XAFS were acquired whilst the sample was under a 
flow of He (100 mlmin-1). The samples were heated under a 
reactive gas feed comprised of: CO2 (2 %), CO (0.5 %), O2 
(0.5 %), NO (1000 ppm), C3H8 (1000 ppm) and He (Balance), 
at a total flow rate of 100 mlmin-1. The sample was heated at 
10 °C min-1, during which Pd K-edge XAFS spectra were 
collected. The samples were stabilised at 5 different 
temperatures: 100 °C, 130 °C, 230 °C, 750 °C and 200 °C 
(upon cooldown from 1000 °C), at which time, and isothermal 
Pd K-edge Extended X-ray Absorption Fine Structure 
(EXAFS) were acquired.  Pd K-edge XANES were also 
acquired during the ramp down to room temperature.  
2.3 XAS analysis 
The processing of EXAFS and XANES data was performed 
using IFEFFIT with the Demeter package (Athena and 
Artemis). [32] Reference foil spectra were acquired in 
transmission, using ion chamber detectors when no sample 
was in the beam.   
 
The k2 weighted EXAFS data at an appropriate k range (up to 
10.6 Å-1, and at most 9.4 independent points) was used. Using 
a k-weighting of 2 provides an adequate scattering 
contribution between low Z value (O) and high Z value (Pd) 
species present.[33,34] Fourier transformed data analysis was 
limited to the first shell scattering paths between Pd-Pd 
(2.734 Å) found in Pd foil, and the Pd-Pd (3.030 Å) as well as 
the Pd-O (2.018 Å) scattering paths found in bulk PdO. 
Spectra for PdO was acquired ex situ at the beamline prior to 
the experiment. The amplitude reduction factor, S02, of 0.85 
was determined from Pd K-edge EXAFS of Pd foil, by setting 
a fixed Pd-Pd coordination number of 12. Isothermal EXAFS 
measurements merged at least 10 spectra together in order to 
improve the signal to noise. Likewise, for the EXAFS 
acquired during temperature ramps, similar spectra within a 
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Figure 1: Annotated images of the capillary microreactor used for experiments on B18 at Diamond Light Source, showing the 
position of the capillary as gas feeds (Left) and the direction of the incoming beam and fluorescence detector position (Right). 
 
3. Results and discussion 
Here we investigate industrial GPF model catalysts. Firstly we 
study the effect of the manufacturing process on the catalyst 
activity was evaluated through the comparison of the catalytic 
activity of the fresh washcoat with a sample extracted from a 
GPF with no ash deposition (0 g GPF). Secondly we study the 
effect of ash loading by comparing the 0 g GPF with the 20 g 
GPF. 
3.1 Effect of the GPF production 
Comparing the mass spectrometry profiles under model 
exhaust conditions of the catalyst washcoat and the 0 g ash 
GPF both show a similar CO oxidation light off temperature, 
the temperature at which 50% of the CO has been consumed 
(T50 CO), was reached at 220 °C, Figure 2. 
 
The Pd K-edge EXAFS conducted on the washcoat system, 
suggests at room temperature that metallic Pd is present with 
an oxygen surface, with the data fitting well using a Pd-O 
scattering path at 1.97±0.02 Å and a Pd-Pd scattering path at 
2.67±0.05 Å, consistent with Pd0. It was initially predicted that 
the Pd species would be more akin to PdO, though a reason 
for this initial difference in Pd speciation could be due to the 
manufacturing process of GPFs, where the catalyst washcoat 
undergoes high calcination temperatures to adhere onto the 
monolith channel walls and allow for decomposition of metal 
precursor compounds. During CO oxidation an increase in 
metallic Pd contribution was observed, as can be observed 
from Figure 3 which shows the non phase-corrected Fourier 
transform of the k2 weighted Pd K-edge EXAFS data (plus 
imaginary components of the data, fit and scattering paths) of 
the washcoat sample recorded close to CO light-off 
temperature. The data can be fitted well using two scattering 
paths, a Pd-Pd scattering path of 2.75 Å consistent with Pd0 
and the Pd-O scattering path. The coordination number of the 
metal contribution increases from 0.4 at room temperature to 
3.9 during CO light-off, Table 1.  Likewise, the EXAFS 
analysis also indicated that the Pd species within the washcoat 
undergo reduction, with the O coordination number reducing 




Figure 2: Mass Spectrometry profiles of fragments at 28 
(CO), 32 (O2) and 44 (CO2) for washcoat sample (A) and 0 g 
ash GPF sample (B) on ramping at 10°C/min from room 
temperature to 1000°C under a model exhaust gas feed 
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Figure 3: Magnitude of the k2-weighted, FT of the 
experimental Pd K-edge EXAFS data for the washcoat close 
to the CO oxidation temperature of 230 °C. The imaginary 
components of the scattering paths of Pd-Pd of Pd0 and the Pd-
O consistent with PdO used in the fits.  
 
Table 1: Pd K-edge EXAFS fitting parameters for the 
washcoat and 20 gL-1 ash-loaded samples at room temperature 
and at their respective CO light-off temperatures. 
 
Fitting parameters: S02 determined from Pd foil = 0.85, 1 < R 
< 3.0 Å. a K-range 3.0– 9.1, no. of independent points 7.56. 
On increasing temperature, a sharp onset of NO consumption 
is observed coincident with the formation of N2, consistent 
with NO reduction, as shown in the mass spectrometry data in 
Figure 4. A significantly lower NO reduction temperature was 
observed over the catalyst washcoat, with a T50 NO of 288 °C 
compared to a T50 NO of 410 °C for the 0 g GPF sample, as 
shown in Figure 4 A and B, respectively. Interestingly, on 
cooling, post high temperature ageing, both the washcoat 
sample, and the 0 g GPF sample had comparable NO light off 
temperatures of 310 °C, shown in Figure S1 (See Supporting 
Information). Surprisingly, the high temperature ageing 






Figure 4: Mass Spectrometry profiles of NO consumption and 
N2 formation of the washcoat sample (A) and the 0 g ash GPF 
sample (B) on ramping at 10 °C/min from room temperature 
to 1000 °C under a model exhaust gas feed conditions. The 
temperature profile is shown by the dashed line. 
 
From the Fourier Transform of the k2 weighted EXAFS data 
taken close to the NO light off temperature, a slight increase 
in the Pd0 contribution to the EXAFS is observed along with 
the continued presence of a small contribution of Pd-O 
scattering. (Figure 5, Table 2). The rise in the presence of 
metallic Pd was observed to begin from room temperature, 
reaching a maximum at ~350 °C. After cooling, this sample 
appeared to be more metallic in nature compared to the sample 
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at room temperature as the scattering path for Pd-O or Pd-Pd 
from PdO were no longer required in the EXAFS fits, where 
the pattern was associated uniquely to a Pd-Pd scattering path 
from Pd0. (see Table S1 of Supporting Information). 
 
Figure 5. Magnitude of the k2-weighted Fourier Transform of 
the Pd K-edge EXAFS data for the washcoat sample around 
the  NO light off temperature of 265 °C. The imaginary 
components of the scattering paths of Pd-Pd of Pd0 and the Pd-
O consistent with PdO used in the fits. 
 
 The mass spectrometry data in Figure 6 A shows that full 
propane consumption was observed at a T50_C3H8 of 325 °C for 
the washcoat sample. At this  temperature the EXAFS data 
suggests that the Pd was metallic, Table 3, Figure 7, with 
minimal contribution of a Pd-O scattering path, as shown from 
the imaginary components of the scattering paths in Figure 7, 
the EXAFS are dominated by the metal scattering path. The 0 
g ash GPF sample has a much higher propane consumption 
temperature of 410 °C. In both cases, during propane 
consumption an increase in the mass fragments associated 
with hydrogen (m/z 2), water (m/z 18), ethylene (m/z 26), and 
carbon monoxide (m/z 28) were observed with a slight fall in 
carbon dioxide (m/z 44), which may suggest a competition 
between the processes of complete propane oxidation 
(forming CO2), propane dehydrogenation and subsequent 
propene cracking to form ethylene and methane, (Figure S3, 
S4 of Supporting Information). These cracking and 
dehydrogenation products were also observed during the 
blank experiment with no catalyst, but at a very low proportion 
and at significantly higher temperatures (500-700 oC), Figure 
S2, implying that while some part is attributed to thermal 





Figure 6: Mass Spectrometry profiles of propane 
consumption of the washcoat sample (A) and the 0 g ash GPF 
sample (B) on ramping at 10°C/min from room temperature to 
1000°C under model exhaust gas feed conditions. 
 
Figure 7: Magnitude of the k2-weighted Fourier Transform of 
the Pd K-edge EXAFS data for the washcoat sample around 
the propane light off temperature of 357°C. The imaginary 
components of the scattering paths of Pd-Pd of Pd0 and the Pd-
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Summarising the observed changes in Pd speciation of the 
washcoat sample during the operando XAFS study: firstly, at 
high temperatures (> 800 °C) the system shows a significant 
presence of Pd0, with a CN of around ~ 10. Interestingly, an 
apparent phase hysteresis in Pd oxidation state was also 
observed between 450 °C and 730 °C, where the sample was 
initially mostly metallic Pd; this contribution then decreased 
whilst the amount of PdO increased; above 730 °C the system 
reverted to an exclusively metallic Pd. 
3.2 Effect of ash loading 
At room temperature, for the 20 g ash GPF sample, the Pd 
K-edge EXAFS data are consistent with PdO, with the EXAFS 
data fitting well to a Pd-O scattering path of 2.02 ±0.02 Å and 
a Pd-Pd scattering path of around 3.06 ±0.02 Å, consistent 
with PdO. This difference in Pd speciation compared to the 
washcoat sample, which was metallic Pd NPs at room 
temperature, could be due to the high temperature treatment 
used to add the catalyst to the GPF or also the ash deposition 
treatment, as outlined in the Experimental section. As the 
reaction proceeded, a higher CO oxidation T50 CO was 
observed for the sample from the 20 g ash GPF compared with 
the 0 g ash GPF, at 242 °C and 220 °C respectively, as shown 
in Figure 8 and Figure 2B. Oscillations in the CO and CO2 
mass spectrometer responses (m/z 28 and 44) were observed 
during CO oxidation for the 20 g ash GPF sample. Dann et al 
observed a similar oscillation pattern with Pd/-Al2O3 where 
the oscillations were attributed to the competition of CO 
storage and formation of a surface oxide on the surface of the 
nanoparticle. [34] Here, the ratio of CO2 produced to O2 
consumed (Figure 2C) oscillates around 2, the stoichiometry 
consistent with CO oxidation. However, the ratio of CO2 
produced to CO consumed is always <1, implying some 
possible competition for CO consumption which does not 
have a 1:1 stoichiometry with CO2 or some additional 














































Figure 8: Mass Spectrometry profile of fragments at m/z 28 (CO), m/z 32 (O2) and m/z 44 (CO2) for and 20 g ash GPF sample 
(A). The CO and O2 consumed and CO2 produced are shown in (B) and the carbon mass balance (C) for the 20 g ash GPF 
reaction up to 1000 oC, where carbon balance is the sum of the CO2, CO and propane divided by the value at 4000s, prior to 
the onset of reaction. 
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We speculate that there are three reactions contributing to 
these oscillations, CO oxidation, C deposition, possibly via the 
Boudouard reaction and partial oxidation of the carbon to 
produce primarily CO, as oxygen supply is limited. This 
production of CO would help to explain the sharp drops in CO 
consumption which do not always coincide with CO2 
production. The carbon mass balance, Figure 8C, shows that, 
during the region of these oscillations, some carbon deposition 
occurs. The oscillation process was not observed from the MS 
profile of the catalyst from the 0 g ash GPF, which suggest 
that this could be due to the addition of the ash components 
present in the system.  
 
From the Pd K-edge EXAFS analysis, an increase in 
metallic Pd contribution was observed during CO oxidation. 
A Pd-Pd scattering path of 2.75 Å consistent with Pd0 was 
required to fit the data, with coordination numbers increasing 
from 0 to 2 from room temperature to the CO light-off 
temperature range, Table 1. A slight reduction in O 
coordination number was also observed, reducing from 3.8 to 
3.0. However, some evidence of remaining PdO was observed 
through the continued presence of the Pd-Pd scattering path 
around 3 Å, Figure 9.  
 
 
Figure 9: Magnitude of the k2-weighted, FT of the 
experimental Pd K-edge EXAFS data for the 20 g ash GPF 
system around the CO light off temperature of 276 °C. The 
imaginary components of the 3 scattering paths used in the 
fit are shown. 
 
A similar NO reduction temperature (Figure 10 and Figure 
4) was also observed for both the 20 g ash GPF sample and 
the 0 g ash GPF samples, with a T50 NO of around 410 °C. 
However, on cooling, post high temperature ageing, the 0 g 
ash GPF sample had an NO light-off temperature of 310 °C 
whereas the 20 g ash GPF sample maintained its high 
temperature NO light-off of 410 °C, Figure S1 (See 
Supporting Information). It would appear that the combination 
of ash and ageing leads to an irreversible increase in NO 
reduction temperature. During the ageing process, at NO light-
off temperatures, the Pd speciation did show significant 
change from that observed during CO light off with Pd-Pd 
scattering paths from both PdO and Pd0 present, Table 2 and 
Figure 11.  After cooling, the sample is fully metallic in nature 
compared to the fresh sample, as the scattering path for Pd-O 
or Pd-Pd from PdO were no longer present in the EXAFS fits, 
the data was fitted uniquely to a Pd-Pd scattering path from 
Pd0. Table S3 (see Supporting Information). 
 
Figure 10: Mass Spectrometry profiles of NO consumption 
and N2 formation of the 20 g ash GPF sample on ramping at 
10°C/min from room temperature to 1000 °C under model 
exhaust gas feed conditions. 
 
Figure 11: Magnitude of the k2-weighted Fourier Transform 
of the Pd K-edge EXAFS data for the 20 g ash GPF sample 
around the NO light off temperature of 362 °C. The imaginary 
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The T50 for propane (T50 C3H8) consumption occurred 
around 410 °C in both the 0 g ash and 20 g ash GPF samples, 
Figure 6 and Figure 12. At this temperature the 20 g ash GPF 
sample has a contribution from PdO still present in the EXAFS 
data. From the mass spectrometry profile, Figure 12, the 20 g 
ash GPF sample showed  a more gradual decrease in the 
propane mass fraction until 750 °C when the majority of the 
propane was then converted into ethylene and methane. 
Between 375 °C and 475 °C an increase in the mass fragments 
associated with hydrogen (m/z 2), water (m/z 18), ethylene 
(m/z 26), and carbon monoxide (m/z 28) were observed with a 
slight fall in carbon dioxide (m/z 44), which may suggest a 
competition between the processes of complete propane 
oxidation (forming CO2), propane dehydrogenation and 
subsequent propene cracking to form ethylene and methane 
(Figure S5 of Supporting Information). However, as explained 
earlier the conversion at high temperature was associated to a 
thermal effect. It should be noted that the formation of 
methane and ethylene was observed to be more prominent in 
the ash loaded system compared to the 0 g GPF sample. 
 
Table 2: Pd K-edge EXAFS fitting parameters for the 
washcoat and 20 g ash-loaded samples at room temperature 
and their respective NO light-off temperatures of 265 and 382 
°C 
 
Fitting parameters: S02 determined from Pd foil = 0.85, 1 < R 














Figure 12: Mass Spectrometry profiles of propane 
consumption of the 20 g ash GPF sample on ramping at 10 
°C/min from room temperature to 1000 °C under model 
exhaust gas feed conditions 
 
Figure 13: Magnitude of the k2-weighted Fourier 
Transform of the Pd K-edge EXAFS data for the 20 g ash 
loaded sample near the propane light off temperature of 472 
°C. The imaginary components of the 3 scattering paths used 























































CN R (Å) 2 (Å2) Rfactor 
Washcoat 




1.2±0.4 1.95±0.03 0.0053 
0.036 Pd-Pd - - - 












2.1±0.6 3.02±0.03 0.0042 
Pd-Pd0 1.6±0.6 2.78±0.03 0.0050 
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Table 3: Pd K-edge EXAFS fitting parameters for the 
washcoat and 20 g ash-loaded sample at room temperature and 






CN R (Å) 2 (Å2) Rfactor 
Washcoat 




0.7±0.4 1.95±0.04 0.0057 
0.07 Pd-Pd - - - 









2.7±0.2 2.02±0.02 0.0026 
0.026 
Pd-Pd 1.6±0.8 3.00±0.04 0.0053 
Pd-Pd0 1.3±0.8 2.77±0.04 0.0070 
Fitting parameters: S02 determined from Pd foil = 0.85, 1 < R 
< 3.0 Å. a K-range 3.1– 8.8, no. of independent points 7.06. b 
K-range 3.1– 10.0, no. of independent points 8.56. 
 
 
On increasing temperature (> 800 °C) during the ageing 
process, the 20 g ash GPF sample shows a significant presence 
of Pd0, with a CN of around 10, Table S4. However, an 
additional complication in the EXAFS fitting was observed in 
this sample from 680- 850 °C. The EXAFS analysis suggested 
that a Pd scattering path of 2.9 Å which could not be 
associated with Pd scattering from PdO (3.02 Å) or Pd0 (2.75 
Å), was required to fit the data. It was initially postulated that 
this could be an association of Pd migrating into a vacant sites 
in CeO2, as this is present within the oxide support; however 
this distance would have been too large (cerium to oxygen 
distance being around 2.3 Å). Likewise, the incorporation into 
other vacant sites within the support including the alumina 
would have been too large.[35] The suggestion of the 
formation of an interstitial carbide or hydride was also 
explored for these systems. Observing the white line intensity 
within the XANES and shifts in the reciprocal space in the 
EXAFS, implied that there was a low probability of interstitial 
carbide formation. This observation is in agreement with the 
work of Bugaev et al: the presence of a carbide species on Pd 
would be distinguishable by the negligible change in the white 
line intensity when compared to the metallic species, 
alongside a shift to lower radial distances when comparing the 
oscillations in reciprocal space.[36] Although a Pd hydride 
may be a likely candidate due to the production of hydrogen 
prior to the appearance of this EXAFS feature and fitting a Pd 
to Pd scattering path at 2.89 Å associated with PdH could be 
used to model the spectra obtained at this temperature range 
(see Table S1).[37] However, the associated XANES features 
with a PdHx, as described by Bugaev et al.,  a slight shift in 
the energy of the white line feature when compared to Pd 
metal and a positive difference when subtracting the spectra to 
the reference foil, are not observed, Figure 8 . Another 
possibility is that a phase change of Pd metal could occur 
under these conditions. However, a recent computational 
study based on Density Functional Theory (DFT) suggests that 
the Pd-Pd bond distance in the hcp phase would be 2.76 Å at 
room temperature.[38] After around 900 °C, the species 
begins to reduce and a phase more akin to metallic Pd begins 
to form, as shown in Table S4. Having ruled out numerous 
potential Pd structures, it is possible that at these temperatures 
the Pd is a mixture of metal and oxide resulting in an 
intermediate Pd-Pd distance as determined from the EXAFS 
analysis. These small mixed oxide and metallic particles may 
be stabilised by the support but on increasing temperature are 
reduced fully. It should be noted it is not the first time these 
intermediate Pd distances have been observed over Pd/Al2O3. 
catalysts at similar temperatures.[39] 
 
3. Summary and Conclusion 
An operando XAFS investigation was performed on two 
model catalysts used in three-way catalysis within gasoline 
particulate filters, with the aim to understand both the effect 
that the production of GPFs has on the performance of the 
catalyst and the role that ash plays in the catalytic activity. To 
achieve this operando XAFS was conducted on one sample 
from a catalyst washcoat which had not been previously 
adhered onto a GPF monolith and the other was extracted from 
a GPF with 20 gL-1 of ash pre-deposited onto the system. Both 
activity profiles were compared to what was observed with a 
catalyst extracted from a GPF containing no-ash components 
(0 g ash GPF).  This XAFS study under model gas mixture 
conditions representative of exhaust gases showed that within 
the washcoat sample a hysteresis of oxidation state of the Pd 
is observed in the washcoat sample. Furthermore, an increase 
in metallic Pd was observed during CO oxidation. Oscillations 
in the CO, O2 and CO2 signals were observed in the 20 g ash 
GPF sample and are speculatively associated with a 
combination of CO oxidation, C deposition possibly via the 
Boudouard reaction and partial oxidation to CO of the 
deposited C, which is suggested to be facilitated by the 
presence of calcium in the ash.  The washcoat sample appears 
to have a lower light-off temperature for NO reduction 
compared to the 0 g ash GPF sample implying that the 
necessary process of adhering the catalyst onto the GPF may 
adversely affect the catalyst’s ease of NO reduction. However, 
comparing the NO reduction temperature post high 
temperature ageing of the 0 g and 20 g ash GPF samples, the 
0 g ash GPF sample recovers and has NO light-off similar to 
that of the washcoat (310C), whereas the combined effect of 
ash and ageing results in a high temperature NO reduction 
temperature, (410C). Assuming the 0 g ash GPF and 
washcoat samples must be similar post ageing due to the 
similar T50 NO  temperatures, comparison of the XAFS data of 
the washcoat and 20 g ash GPF sample would be expected to 
provide some indication of the structural differences 
responsible. However, on comparison of the XAFS data of the 
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washcoat and 20 g ash GPF samples post ageing, both appear 
to be fully metallic by this point. Future studies will be 
reported in order to understand this interesting observation. 
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